Abstract-The hypothalamus supports basic motivational behaviours such as mating and feeding. Recording directly from the posterior inferior hypothalamus in a male patient receiving a deep brain stimulation (DBS) electrode for the alleviation of cluster headache, we tested the hypothalamic response to different classes of motivational stimuli (sexually relevant: pictures of dressed and undressed women; pictures of food) and pictures of common objects as control. Averaged local field potentials (LFP) to sexually relevant stimuli were characterized by a biphasic significantly enhanced response (relative to objects; bootstrapping statistics) with a first phase starting at around 200 ms and a second phase peaking at around 600 ms. Sexually relevant stimuli also showed a greatly enhanced positivity relative to other stimulus classes in surface event-related potentials in a group of 11 male control participants. It is suggested that the hypothalamus is involved in the recruitment of attentional resources by sexually relevant stimuli reflected in this surface positivity. In a second session, the response to food stimuli relative to objects was tested in two states: after fasting for 14 h, LFPs to food and object stimuli showed significant differences in between 300 and 850 ms, which disappeared after a full high-calorie meal, thus replicating classic studies in monkeys [Rolls et al., Brain Res (1976) 111:53-66]. The current data are the first to demonstrate hypothalamic responses to the sight of motivational stimuli in man and thus shows that recording from DBS electrodes might provide important information about the cognitive functions of subcortical structures.
Our brain contains multiple systems that are devoted to basic motivational behaviors, such as mating, ingestion of fluids and food, and defence. In a widely accepted framework Swanson (2000) proposes that interconnected sets of nuclei in the hypothalamus and its brainstem extensions support the elaboration and control of such behaviors. Correspondingly, animals with lesions sparing the hypothalamus eat, drink, reproduce, and show defensive behaviours, while transsections below the hypothalamus severely impair these behaviors. The hypothalamus projects widely and indirectly to neocortex and forebrain limbic structures on the one hand and to brainstem motor pattern generators on the other hand (Kelley, 2004; Risold et al., 1997) . The former projections may impact higher order behaviours, whereas the latter are responsible for automatic motor actions.
In the human, neuroimaging studies have shown the hypothalamus (together with other structures, such as the periaqueductal gray, and the insula) to be activated by sexually motivating pictures in healthy subjects (Karama et al., 2002; Mouras et al., 2003) . Other work has demonstrated a hypothalamic response to food-related stimuli (Cornier et al., 2007; Killgore et al., 2003) . For example, in normal volunteers, the hypothalamus showed marked activation to pictures of high calorie compared to low calorie foods suggesting that it is involved in the coding of motivational salience of food stimuli (Killgore et al., 2003) .
Thus, there is evidence for an involvement of the hypothalamus in the regulation of reproductive and ingestive behaviours in the human, but owing to the low temporal resolution of imaging techniques the temporal dynamics of its neural responses remain largely unknown. In the present investigation we address these dynamics by recording electrophysiological activity from an electrode located in the posterior inferior hypothalamus (PIH) in an awake human, while he viewed stimuli of motivational content. We took advantage of the fact that deep brain stimulation (DBS) of the PIH has been used in clinical studies for the treatment of chronic cluster headache (CH, (Bussone et al., 2007; Leone, 2006) ). CH is defined by severe unilateral headache of acute onset, accompanied by trigeminal autonomic dysfunction such as ipsilateral lacrimation (Headache Classification Committee of the International Headache Society, 2004; May, 2005) . It shows striking seasonal variation and a relapsing-remitting course. Positron emission tomography (PET) studies have shown activation of the ipsilateral PIH during attacks (Sprenger et al., 2004; May et al., 1998) and increased grey matter density of the ipsilateral PIH has been described using voxel-based mor-phometry (May et al., 1999; May, 2009 ) suggesting a role of the hypothalamus in the etiology of CH.
In the present study, we recorded local field potentials (LFP) in response to motivational stimuli (sexual and food) from a patient who had received a DBS electrode to the hypothalamus. Our aim was to establish the responsiveness of the human hypothalamus to these two kinds of basic motivational stimuli and to delineate its temporal course.
EXPERIMENTAL PROCEDURES
All procedures were approved by the ethical review board of the Medical School of Hannover.
Patient
The 52-year old man had suffered from right-sided chronic CH since age 41 and had received prolonged but unsuccessful courses of all standard treatments (including oxygen, sumatriptan, verapamil, corticosteroids) . At the time of the recording the patient was on self-administered subcutaneous sumatriptan on demand. The patient fulfilled the published criteria to receive ipsilateral DBS (Leone, 2006) .
Control participants
A group of 11 normal participants (all men, aged 24 -35 years) with no history of neurological and psychiatric illness served as a control group to assess the electrophysiological effects of the stimuli.
Stimuli and procedure
In a first session 50 pictures per condition were presented to the patient with a stimulus duration of 3000 ms and an ISI of 4000 ms. The four conditions showed dishes of food ("food"), undressed women in explicit postures ("undressed"), attractive but apparelled women ("dressed"), and objects like cars, flowers, houses or bridges ("objects"). The pictures were shown randomized across conditions. Because the stimuli had no uniform aspect ratios, the size of the pictures was adjusted ensuring a similar amount of pixels (ϳ322620) per picture. The stimulus series was shown twice to the patient, who had no specific task but was instructed to watch the pictures in order to be able to answer questions about them afterwards. At the viewing distance of 90 cm, pictures subtended approximately 6/9 degrees of visual angle in height/width.
In a second session conducted on a different day, we were interested in the effect of satiety on the hypothalamic responses to food stimuli. The stimulus series therefore only comprised items of the "food" and "objects" categories (50 items of each category). The session was split in two parts. The first recording took place at 8 AM, when the patient had been fasting since 6 PM of the previous day. Subsequent to this recording the patient ordered his favourite meal and was tested again when he was satiated.
Pictures were assessed by a group of 10 men, all natives of Germany, aged 35-51. Pictures were presented on a computerscreen and participants proceeded from picture to picture by pressing a button on a computer-keyboard at their own pace. 
Electrophysiological recording/patient
The target in the PIH was defined by CT-stereotactic surgery refined by microelectrode recording. There were no surgical side effects. The cables attached to the DBS electrode (Medtronic Inc, Minneapolis, MN, USA, model 3389) were externalized for several days for test stimulation before the pacemaker was implanted. Accurate placement of the electrode in the PIH was confirmed by postoperative stereotactic CT imaging directly after the surgical procedure. Details of the procedure have been published elsewhere (Bartsch et al., 2008) . The DBS electrode hosts four contacts within the target structure. We mainly report recordings between the two contacts with the greatest distance (centers spaced 6 mm apart). In addition we also obtained surface EEG activity (Fz, F3, F4, Pz, P3, P4 referenced to the right mastoid process). Data were sampled at 1000 points/s and data analysis was performed using EEG-Lab (Delorme and Makeig, 2004) and ERP-Lab (http://www.erpinfo.org/erplab/erplab-toolbox) software. To assess differences between conditions in single patient data, we employed a nonparametric statistical test implemented in Matlab as suggested in Maris and Oostenveld (2007) . In brief, given two experimental conditions (condition A and condition B) we first computed the t statistic for them by using the mean and standard deviation among trials. We then randomly assigned the trials to one of the conditions maintaining the same number of trials per condition as in the experimental dataset and computed the test statistic for this random partition. We repeated this procedure 1000 times to obtain the histogram of the distribution of the single trials and calculated the proportion of random partition with a t statistic greater than the one in the experimental condition. This proportion will be the P-value of our effect. If the P-value was smaller than the critical alpha level (0.05) the two conditions were considered to be significantly different. We employed this procedure for successive 20 ms time-windows from the onset of the stimulus until 1000 ms poststimulus.
Event-related potentials (ERPs) were obtained in the same way as described for the control group. For visualization, ERPs were low-passed filtered with a 15 Hz filter.
Electrophysiological recording/control participants
The control-participants were shown the same stimulus series that was presented in session 1 of the patient. The electroencephalogram was recorded from the scalp from 29 standard positions (Fp1/2, F3/4, C3/4, T3/4, T5/6, P3/4, O1/2, F7/8, Fz, Cz, Pz, Fc3/4, FT7/8, Cp3/4, TP7/8, PO3/4). Biosignals were re-referenced off-line to the mean of the activity at the two mastoid leads. Vertical eye movements were monitored with an electrode at the infraorbital ridge of the left eye. Electrode impedances were kept below 5 k⍀. The electrophysiological signals were filtered with a bandpass of 0.1-50 Hz and digitized at a rate of 250 Hz. To remove eye-blink artifacts, data were subjected to blind source separation as described by Joyce et al. (2004) .
Event-related potentials were averaged for an epoch length of 1024 ms starting 100 ms before the onset of the stimulus. ERPs were baseline-corrected with the mean amplitude between Ϫ100 and 0 ms set to zero. We quantified the differences between the different conditions using non-parametric statistics. These were performed similar to the procedure described above for the patient. Instead of single trials the average of each subject and each condition was entered into the statistical analysis. Again, 1000 repetitions per test were performed for successive 20 ms time windows from stimulus onset until 900 ms post-stimulus.
RESULTS

Patient
The averaged LFP from session 1 are illustrated for the first half of the session (i.e. first presentation of each stimulus), and for the entire session on the left and right panel of Fig. 1 . Depicted are the bipolar recordings between contacts 0 and 3 of the DBS-electrode. LFPs to pictures of dressed and undressed women are clearly differentiated from the other two stimulus categories by an initial negativity between 200 and about 450 ms and a subsequent positivity from 500 ms onwards. The shaded grey areas below the waveforms depict those timestretches in which the bootstrapping method described in the method section revealed significant differences between pairs of stimulus categories. It is noteworthy, that for the first presentation of the stimulus-series a marked difference between stimulus categories dressed and undressed was present which was no longer significant when the entire session was considered. This suggests a habituation of the response to the stimulus category undressed. Data from recordings between contacts 0 and 1, 0 and 2 and 0 and 3 are contrasted in Fig. 2 . There was no polarity inversion and the amplitude of the responses was largest in the bipolar recording between contacts 0 and 3 and smallest between 0 and 1. To illustrate the time-course of the effects, LFPs to stimulus categories dressed, undressed, and object are shown on a longer 3 s time-scale in Fig. 3 . Clearly, the major differences between stimulus categories are seen in the first second after presentation. Fig. 4 illustrates the surface ERPs of the patient from electrode Pz. These recordings were rather noisy due to the postoperative stress.
In session 2, only food and object stimuli were presented. Fig. 5 shows the LFPs to these types of stimuli after prolonged fasting of the patient. Visual inspection suggests clear differences between the LFPs which are corroborated by the bootstrapping statistics (shaded grey areas mark significant differences). For the second part of the session, conducted after a hearty meal, waveform differences were no longer present.
Control participants
As surface ERPs are notoriously blind to activity in subcortical structures, the purpose of the recordings in the control participants was therefore mainly to assess the impact of the motivational stimuli on late ERP components which are known to reflect aspects of attentional processing. Fig. 6 illustrates the group average ERPs from three midline electrodes. Marked differences between the different stimulus classes are readily apparent in the waveforms: stimulus category "undressed" was associated with a high amplitude positivity with a maximum at approximately 400 ms, which was less pronounced for stimulus category "dressed." Stimulus categories "food" and "object" on the other hand showed a frontal negativity. The differences between conditions were confirmed by nonparametric statistics and are marked in Fig. 6 .
Finally, the ERPs from the control participants were computed separately for the first and second half of the session and illustrated in Fig. 7 . Unlike in the depth recordings of the patient, no attenuation was seen from the first to the second half of the session.
DISCUSSION
In the current single patient study we took advantage of the fact that the PIH has been identified recently as a promising target for the treatment of cluster headache (Bartsch et al., 2008; Bussone et al., 2007; Leone et al., 2005) and investigated the hypothalamic response to basic motivational stimuli by recording from electrodes placed for DBS treatment. Importantly, and in accord with our expectations, we observed changes in the averaged LFP as a function of stimulus category.
Sexually relevant stimuli
With regard to the sexually relevant stimulus categories, pictures of dressed and, to a greater extent, undressed women led to an enhanced response in the hypothalamus starting around 200 ms relative to the other stimulus categories. Interestingly, upon repetition of the stimuli the amplitude difference between LFP to pictures of dressed and undressed women disappeared suggesting habituation, while the differences to the other stimuli were preserved. The high motivational value of the stimuli depicting dressed and undressed women is corroborated by the large positive posterior ERP responses to these stimulus categories in the control participants which showed a slight, but non-significant attenuation over the course of the experiment (Fig. 7) . Indeed, van Lankveld and Smulders (2008) recently found a similar amplification of a parietal positive component to sexual pictorial stimuli in comparison to pictures depicting high energy sports. Importantly, stimulus categories had been matched for arousal and valence in the van Lankveld and Smulders study. It was suggested that the sexual pictorial stimuli captured more attentional resources indexed by the ERP positivity (Polich and Kok, 1995) , because of their motivational relevance. Indeed, in the model of "motivated attention" (Lang et al., 1997) it is stated that evolutionarily relevant stimuli are more capable than other types of stimuli to trigger motivational systems. What the present data Fig. 3 . Average LFPs on a longer time scale. These recordings demonstrate that differences between sexually relevant and control stimuli can be observed mainly within the first second after stimulus presentation. Fig. 4 . Surface activity from the patient recorded in parallel to the depth recording. As in the control sample but to a much lesser extent, responses to sexually relevant stimuli show the most pronounced parietal positive response. The grey bars at the bottom mark time windows with significant differences between responses to the different stimulus classes (PϽ0.05, bootstrapping statistics). Responses to food and object stimuli show marked differences in several time-windows between 300 and 850 ms when the patient was hungry. These differences are no longer present after the patient had a high calorie meal.
imply, then, is that the hypothalamus reacts very fast to sexually motivating stimuli. It may therefore well be involved in the recruitment of attentional resources which are reflected in the increased late positivity in the surface recordings. Because the hypothalamus is reciprocally connected to the locus coeruleus (among other brainstem structures) (Gao and Horvath, 2007; Horvath et al., 1999) and the late positivity in the ERP has been shown to be driven by noradrenergic activity of the locus coeruleus (Nieuwenhuis et al., 2005; Pineda et al., 1989) , this might be the pathway by which attentional resources are recruited by the hypothalamus. It is interesting to note, that the surface ERPs of the patient (Fig. 4) showed less differences between pictures of dressed and undressed women than those of the control participants in particular with regard to the parietal positivity. This raises the question, whether this could be an index of a general dysfunction of the hypothalamus in the patient. It has to be noted, however, that the surface recordings in the patient were rather noisy due to movement artefacts.
Examination of the hypothalamic response to picture stimuli on a longer time scale suggests that it is mainly characterized by a biphasic response with the first negative component peaking at approximately 400 ms and the second positive peak having a maximum around 550 ms.
The question arises, as to where the LFP to sexually relevant stimuli come from. Evidence from rodents shows that the ventromedial nucleus, the ventral premammillary nucleus and the medial preoptic nucleus are core parts of a circuit mediating reproductive behavior (Simerly, 1998) . It is quite conceivable that contacts placed in the posterior inferior hypothalamus pick up activity arising from the ventromedial nucleus which lies in close proximity. This notion is corroborated by the fact that we did not observe a polarity-inversion but a gradual amplitude increment when different bipolar derivations from the hypothalamic contacts were compared (Fig. 2) .
Food stimuli
The hypothalamus is involved in the regulation of energy intake and feeding behavior (Oomura, 1973; Horvath and Diano, 2004; Grossman, 1975; Swanson, 2000; Kelley, 2004) and lesions involving different parts of the hypothalamus may produce hyper-or hypophagia (Hetherington and Ranson, 1942; Mayer and Marshall, 1956 ). Consequently, it has been suggested that the ventromedial hypothalamus serves as a "satiety" center, whereas the lateral hypothalamus serves a complementary function as a "hunger" center. Whereas the role of the hypothalamus in the homeostatic regulation of food intake driven by metabolic signals from the periphery and mediated by a number of different neuropeptides is well recognized (Horvath and Diano, 2004) , the hypothalamus also appears to responds to sensory input related to food stimuli. Of particular relevance for the present investigation are demonstrations of the responsiveness of single cells in the lateral hypothalamus (LH) to the sight of food stimuli in monkeys Rolls et al., 1976; Ono et al., 1981) and sheep (Mungarndee et al., 2002) . Interestingly, the response la- Fig. 6 . Grand average surface event-related potentials from 11 male control participants. Responses to pictures of undressed and, less so, to dressed women show a high amplitude positivity with a parietal maximum (electrode Pz). Pictures to object and food stimuli showed only a small positive response at Pz under the passive viewing conditions used in this study but a marked frontal negativity. The grey bars at the bottom mark time windows with significant differences between responses to the different stimulus classes (PϽ0.05, bootstrapping statistics). Fig. 7 . Split half analysis in control participants. To assess stability of the response to the stimuli, the first and the second half of the ERP session of the healthy controls were averaged separately. Unlike the patient, normal control participants showed a rather stable response. Please note, however, that the patient's session was twice as long (i.e. 100 pictures per condition; controls: 50 pictures per condition) and that the patient saw the same pictures twice during the session, whereas the controls only saw each picture once. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article. tency of such neurons in the monkey is 150 -200 ms, which corresponds well to the present findings to food stimuli (c.f. Fig. 4) , and the activity of these neurons predicted the motor response of the animal to obtain food (Rolls et al., 1979) . In addition, feeding monkeys to satiety for a certain type of food decreased the responses of LH neurons to the sight and/or taste of this particular food but not for other foods on which the monkey had not been satiated ("sensory-specific satiety," Rolls et al., 1986) . The current finding of a decrease of the difference between the responses to food and object stimuli in the satiated state suggests that a similar neural mechanism is also present in the human hypothalamus. Indeed, it has recently been demonstrated using functional MRI that the response of the hypothalamus to pictures of high calorie food stimuli was greatly reduced after participants were overfed (Cornier et al., 2007) .
CONCLUSIONS
The present investigation is the first to demonstrate phasic modulations of the LFP in response to motivational stimuli from the hypothalamus of an awake human. The robust differences between the LFP to different stimulus classes are in accord with previous neuroimaging and animal studies. These results as well as other recent investigations using similar methods in other DBS target structures suggest that recording of LFP during or after the implantation of electrodes may provide an important new window on brain functions in humans (Cohen et al., 2009a,b,c; Klostermann et al., 2006; Münte et al., 2008 Münte et al., , 2007 and may complement neuroimaging investigation by adding temporal information.
Obviously, the current study has several limitations: first, only one patient has been studied owing to the scarcity of cluster headache patients eligible for this procedure. However, the posterior hypothalamus has been considered in a number of other neuropsychiatric conditions, including epilepsy (Franzini et al., 2008) , obesity (Halpern et al., 2008) and aggression (Kuhn et al., 2008) . Thus, more patients will likely be available in the future. Second, it would have been desirable to test hypothalamic responses more systematically. For example, the hypothalamus has also been implicated in the regulation of aggression (Toth et al., 2010) , suggesting that aggression relevant stimuli might be worth to study. Also, with regard to food stimuli a variation of the calorie content or a grouping of stimuli according to the personal preferences of the patient would have been desirable. Time limitations did not allow this in the current study.
